This study investigates long-term trends in tropical cyclones (TCs) over the extratropical western North Pacific (WNP) over a period of 35 years .
| INTRODUCTION
Tropical cyclones (TCs) are considered to be the most destructive natural hazards in East Asia. Storm surges, floods, and strong winds that are associated with TCs cause significant casualties and damage to property. About 25 to 30 TCs occur annually over the western North Pacific (WNP) basin, among which at least four TCs have caused direct damage in Korea and Japan (Wu et al., 2004) . More recently, climate change has brought about a rapid increase in temperature in the lower troposphere and the sea surface temperatures (SST) in the WNP Liu and Zhang, 2013) . Such environmental changes, along with changes in the associated synoptic fields, could affect the characteristics of TC, which can subsequently alter the damage caused by them in Korea and Japan. For example, Typhoon Rusa in 2002 caused 4.5 billion USD worth of damage in Korea due to record-breaking heavy rainfall, and Typhoon Songda in 2004 resulted in about 9 billion USD worth of damage in Japan due to flooding and strong winds (Lee and Choi, 2010; Re, 2014) . These two typhoons caused severe damage in Korea and Japan in the early fall season. Since the damage caused by TCs in early fall appear to have increased in the recent years, research on the long-term variability of TCs and associated events is necessary. Therefore, the purpose of this study is to investigate the recent changes in the characteristics of the TCs (e.g., track, genesis, and destructiveness) affecting Korea and Japan and to analyze the potential reasons for these changes using synoptic field analysis techniques.
There have been a number of studies on the long-term variability of TCs over the WNP. Zhang et al. (2018) indicated that TC frequency over the WNP decreased between 1980 and 2014. However, the damage caused by the TCs increased when more TCs made landfall in Korea and Japan (Park et al., 2011) . Several studies have also suggested that an increase in SST caused by climate change could lead to an increase in TC intensity (Emanuel, 2005; Webster et al., 2005) . These findings imply that the possibility of significant damage caused by TCs on the Far East Asian countries could increase. Therefore, it is essential to understand the variability of the TCs passing through the mid-latitudes. Previous studies that have been conducted on TC variability focused on the entire period of TC occurrence, that is, from summer to autumn. In this study, the long-term trends in TCs over the WNP, migrating to the mid-latitudes and observed between late summer and early fall, were analyzed and the factors influencing TC variability were investigated based on an analysis of synoptic fields.
2 | DATA AND METHODS
| Data
In this study, the best track dataset from the Joint Typhoon Warning Center (available at https://www.usno.navy.mil/ NOOC/nmfc-ph/RSS/jtwc/best_tracks/wpindex.php) was used to analyze the trends in TCs over the WNP (Chu et al., 2002) . To analyze track density, all categories of TCs (i.e., tropical depression, tropical storm, severe tropical storm, and typhoon) were included, and the genesis of a TC was defined from the moment that a TC changed from a tropical depression to a tropical storm. Additionally, the Optimum Interpolation 0.25 daily sea surface temperature analysis (Version 2) and the AVHRRonly (advanced very high resolution radiometer-only) data (Reynolds et al., 2007) were used to examine the effect of possible SST warming on TC variability. The ERA-interim reanalysis data with a horizontal resolution of T255 (0.70 ) (Dee et al., 2011) 
| Methods
The area analyzed (red box in Figure 1 ) extended across 30-45 N and 120-150 E, covering Korea and Japan. It was assumed that the TCs had direct or indirect impacts on both countries when they passed through the region. Hereafter, the TCs passing through the analyzed area are referred to as "TCs around Korea and Japan."
The data for the analysis was collected between June and November for 35 years, from 1982 to 2016, because approximately 95% of the total annual TCs approaching Korea and Japan occurred during this period (Kim et al., 2005) . Each month was divided into three periods (each period consisting of 10 or 11 days), and the variability in the TCs occurring in each period around Korea and Japan was examined. The statistical significance of the linear trend was calculated using the Mann-Kendall nonparametric test (Mann, 1945; Kendall, 1948; Gilbert, 1987) . The Mann-Kendall test was used to find the presence of linear or nonlinear trends in the time series based on the relative ranking of the input data. The linear trend map was obtained using the coefficients obtained from the simple linear regression of the time series for each grid.
Changes in the characteristics of TCs were investigated using genesis and track densities, which were displayed by binning the latitudinal and longitudinal positions into 5 × 5 grid boxes; this method has previously been applied for the binning of TC data (Jin et al., 2016) . TC track density was computed by binning 6-hourly TC positions onto corresponding grid boxes. The same TC migrating in the same grid box was counted only once.
The 1-3-4-3-1 filtering method (Emanuel, 2007) , which reduces the interannual variabilities of TC activities and synoptic fields over the WNP, was applied to the time series and linear trends map. The filtering method was defined using the following equation:
where x 0 i indicates the filtered value of the target year; x i is the raw value of the target year; and x i ± 1 or 2 is the raw value of target year ±1 or 2.
In this study, vertical wind shear, which was significantly related to TC activity, was calculated using the following equation:
where u is the zonal wind; v is the meridional wind; and 200 and 850 imply the 200 and 850 hPa levels, respectively. The Power Dissipation Index (PDI) was calculated only for the reanalysis area. PDI was defined using the following equation (Emanuel, 2005) :
where V max and τ indicate the maximum sustained wind speed and the lifetime of the TCs within the analyzed area, respectively. Simple duration, which is defined as the total duration of occurrence of TCs during the period of interest for the analysis within a certain year, is not dependent on the number of TCs. Hence, to disentangle the impact of the TC number and intensity, a velocity-weighted duration was used, which defined TC i as (Emanuel, 2007) :
where V smax is the maximum sustained wind speed during the lifetime of the TC. The average value for all TCs occurring in a given year was defined as (Emanuel, 2007) :
where N indicates the annual number of the TC events. PDI is more sensitive to the occurrence of intense TCs since it is calculated as the cube of the maximum sustained winds. Thus, annually averaged intensity was used to understand the impact of changes in maximum sustained winds on PDI. The annually averaged intensity of TC i was defined using the following equation (Emanuel, 2007) :
| Analysis of changes in TCs
To investigate the period during which a significant increasing trend in TC frequency is observed, the long-term (35 years) variability of TCs around Korea and Japan was analyzed. Table 1 shows the number of TCs around Korea and Japan during the analysis period. A total of 387 TCs, causing direct or indirect damage, passed through the area analyzed between 1982 and 2016. August and September witnessed a higher frequency of TCs around Korea and Japan; a frequency of 31 and 27%, respectively. The period during which there were more than 30 TCs around Korea and Japan was selected for further analysis ( Table 2 ). The analysis period was divided into a first half (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) ) and a second half (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) to identify the relative changes that have occurred due to recent TCs and compare them to past events. The frequency of TCs around Korea and Japan tended to decrease in late August, late September, and early October, while they increased in early August and early to mid-September. In particular, the increasing trend in early to mid-September and the decreasing trend in late August was considerably large (more than 25%). Thus, we examined the significance of the increasing trend in early to mid-September and the decreasing trend in late August, and the factors influencing these trends. Figure 2 shows the interannual time series of the frequency of TCs around Korea and Japan occurring in early to mid-September and in late August; this data was filtered using the 1-3-4-3-1 filtering method. Hereafter, late August and early to mid-September are considered as late summer and early fall, respectively. The recurring pattern of TC frequency was detected as a decadal oscillation in early fall (e.g., 1985-1994, 1995-2004, 2005-2015) . There was a robust increasing trend of TC frequency in early fall, which was statistically significant at the 99% level (p-value <.01). Around Korea and Japan, a total of 29 TCs occurred in the first half, and 40 TCs in the second half, increasing the relative change by 38%. In contrast, TC frequency significantly decreased in late summer, and the relative change between the first half and the second half decreased by about 30%. Figure 3 shows the time series of PDI, annually averaged intensity, and velocity-weighted duration of TC around Korea and Japan, which were filtered using the same method as Figure 2 (1-3-4-3-1 filtering method). PDI, intensity, and duration were calculated only when the center of the TC was located within the area analyzed. PDI, which indicated the potential destructiveness of TCs, was used to determine whether the damage caused by the TCs in Korea and Japan has changed in recent years. Changes in mean PDI in the second half (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) were marginal compared to those T A B L E 2 The number of TCs around Korea and Japan in the first half (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) 
DATE NUM_TEW
June 1-June 10 6
June 11-June 20 11
June 21-June 30 12
July 1-July 10 15
July 11-July 20 17
July 21-July 31 27
August 1-August 10 43
August 11-August 20 37
August 21-August 31 41
September 1-September 10 33
September 11-September 20 38
September 21-September 30 34
October 1-October 10 31
October 11-October 20 20
October 21-October 31 12
November 1-November 10 6
November 11-November 20 2 in the first half (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (Figure 3a) . To investigate the contributions of intensity and duration to changing PDI, this study also analyzed changes in these two factors. The increase in the trend line for intensity was negligible (Figure 3c ). Besides, the enhancement was not statistically significant across the analysis period. On the other hand, the duration of TCs around Korea and Japan notably increased with a high relative change between the first half and the second half (around +26%) (Figure 3e ), because of a larger number of TCs moving from the subtropics to the midlatitudes in the second half ( Figure 2 ). Thus, changes in PDI and intensity were insignificant, but the frequency and duration of TCs around Korea and Japan increased considerably.
In contrast, in late summer, the intensity and duration of TCs around Korea and Japan decreased by about 28 and 42%, respectively (Figure 3d, f) . Figure 1 shows the linear trends map of TC genesis and track density from September 1 to 20 and from August 21 to 31. In Figure 1a , the increasing trend of TC genesis density near the ocean northeast of the Philippines (20-25 N and 120-140 E) seemed to prevail, while a decreasing tendency was dominant near the ocean east of the Philippines (10-20 N and 125-145 E). This indicated that, more recently, the region of genesis of the TCs occurring in early fall around the ocean east of the Philippines shifted northwards. However, the change in genesis density was not F I G U R E 3 The time series of PDI, annually averaged intensity, and velocity-weighted duration of TC around Korea and Japan from September 1 to September 20 (left panels) and from August 21 to August 31 (right panels) with linear trend line and p-value from Mann-Kendall nonparametric test prominent in the mid-latitudes above 30 N. In contrast, the TC track density significantly changed in broader regions compared with TC genesis density (Figure 1c) . Overall, the increases in TC track density are primarily confined to the northwest part of the WNP. In particular, the track density of the TCs that make landfall around Korea and Japan showed a prominent increase.
There are two reasons for an increase in TC track density in the mid-latitudes. The first reason is related to the northward shift of TC genesis to the ocean northeast of the Philippines, as shown in Figure 1a . The second reason is associated with the increased longevity of TCs around Korea and Japan migrating from the lower latitudes. These results indicate that the impact of TCs on Korea and Japan has recently increased in the early fall period. In contrast, in late summer, the TC genesis density has decreased over a larger region as compared to its increase (Figure 1b) . Overall, the TC track density has decreased in the area analyzed, except for the southeast boundary (Figure 1d ). The increasing TC track density in the southeast boundary of the area analyzed was associated with a recent increase in the TC genesis.
| Synoptic field analysis
The results described in the previous section show a recent increase in the frequency of TCs around Korea and Japan in early fall, followed by a decrease in late summer. To investigate the specific factors that caused the recent changes in the characteristics of the TCs occurring over the WNP from September 1 to 20 and from August 21 to 31, this study analyzed the linear trends in synoptic conditions, such as SST, vertical wind shear, subtropical high, steering flow, and relative vorticity, all of which have significantly impacted the development and maintenance of TCs (Figure 4 ). Warm SST have had a positive effect on the strength of TCs, which may have led to an increase in their duration (Emanuel, 1986; Emanuel, 1988) . In Figure 4a , the increase in SST observed across the entire domain is most likely due to global warming. Therefore, the oceanic conditions were more favorable for the maintenance of the TCs around Korea and Japan, especially because any further increase in the SST over the mid-latitudes only provided more energy to the TC (Park et al., 2011) .
Strong vertical wind shear was an unfavorable condition for the development and maintenance of TCs owing to the generation of eddies in the inner core, which advected environmental mid-tropospheric dry air into the center of the TC, thereby weakening convection and raising the pressure of the TC Emanuel, 2010, 2012) . If TCs enter a weak vertical wind shear area, they could sustain their strength to migrate northwards without weakening. Figure 4c shows that the vertical wind shear substantially decreased between 30 N and 40 N, which may be associated with the meridional SST distribution over the WNP (Figure 4a ). The linear trend of the SST was relatively weak in subtropical regions below 35 N, whereas it was strong in the mid-latitudes above 35 N. This SST distribution caused a weak meridional temperature gradient and a weak subtropical jet, based on the thermal wind relationship (Yang et al., 2002) . When the subtropical jet became weak, vertical wind shear also decreased in the subtropical region. The decreasing trend of vertical wind shear in the subtropics helped sustain the TC vortex, implying that the weakened vertical wind shear in early fall was another favorable condition for the northward migration of TCs over the WNP. Thus, it is highly likely that a TC would maintain its intensity when it makes landfall on Korea and Japan.
Also, TC movements were considerably influenced by the WNP subtropical high (Ho et al., 2004) . In general, TCs over the WNP migrated along the periphery of the subtropical high. Figure 4e depicts the 5,880 gpm contours of the geopotential height in the first half (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) and the second half (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) , which were widely used as benchmarks to measure the subtropical high (Liu and Chan, 2013; He et al., 2015) . In the first half, the subtropical high had a smaller areal extent and shifted eastwards, which allowed the TCs to move to the Pacific Ocean east of Japan. In contrast, the subtropical high expanded more northwestward in the second half period, allowing the northward migration of TCs to the ocean south of Korea and Japan.
Steering flow, defined in this paper as the mean wind from 850 to 300 hPa (Chan, 2005) , was another important factor in the movement of the TCs. The trends observed in the steering flow data showed strong easterly winds between 30 N and 40 N (Figure 4e ). This could lead to an increase in the number of TCs that make landfall in Korea and Japan, without passing through the Pacific Ocean east of Japan. Furthermore, the increasing trend in lower-tropospheric relative vorticity, which is a favorable condition for the formation and development of TCs, was significantly enhanced over the East China Sea and the Pacific Ocean south of Japan (20-30 N and 120-150 E) (Figure 4g ). This substantial increase in relative vorticity in the area could be responsible for the northward shift of the genesis location of the TCs, as shown in Figure 1a .
In contrast, in late summer, vertical wind shear observed within 30-40 N and 120-150 E showed an increase trend (Figure 4d ) and the southward steering wind was dominant around Korea and Japan (Figure 4f ), which was relatively unfavorable for the development or migration of TCs in the area analyzed. Therefore, the frequency and duration of TCs around Korea and Japan during late summer showed a decrease, as shown in Figure 2b .
| SUMMARY AND DISCUSSION
In this study, the long-term variability of TCs migrating from the subtropics of the WNP to the mid-latitudes, particularly near Korea and Japan, was investigated. The area analyzed extended across 30-45 N and 120-150 E, which includes Korea and Japan, since they have been significantly affected by TCs. The frequency of TCs around Korea and Japan that caused damage in the region was observed to be relatively high (more than 30 TCs) between August and early October. From 1982 to 2016, the frequency of TCs around Korea and Japan showed a significant increase in F I G U R E 4 Linear trend maps of (a, b) SST (KÁyear −1 ), (c, d) vertical wind shear (mÁs −1 Áyear −1 ), (e, f) steering wind (mÁs −1 Áyear −1 ), and (g, h) 850 hPa relative vorticity (10 −6 Ás −1 Áyear −1 ) from September 1 to September 20 (left panels) and from august 21 to august 31 (right panels) during 35 years . Dotted areas and wind vectors indicate p-value from the Mann-Kendall nonparametric test <.05. Contour lines in e and f designate 5,880-gpm contour of 500 hPa geopotential height in the first half (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) and the second half (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) early to mid-September and a decrease in late August. Thus, the time period chosen for the analysis included early to mid-September and late August, taking into account the increasing and decreasing trends observed as well as the high relative change values. PDI directly associated with the TC damages was also calculated for the areas analyzed. The results confirmed that the changes in mean PDI in the second half (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) were negligible compared to those observed in the first half (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) . On the other hand, the duration and frequency of TCs around Korea and Japan showed an increase in early to mid-September, and a decrease in late August. In particular, the increasing trend observed in the TC track density during early fall (early to mid-September) prevailed in the mid-latitudes due to the northward shift of the genesis of TCs and further migration of TCs from the lower latitudes. An analysis of the synoptic fields was conducted to explain the reasons behind the changes in the frequency of TCs around Korea and Japan. From early to mid-September, SST increased in the whole WNP, and vertical wind shear significantly decreased near the mid-latitudes (30-40 N), thus creating favorable conditions to maintain the TC intensity. In addition, the WNP subtropical high expanded to the northwest, strong easterly steering winds in the mid-latitudes were prominent, and an increasing trend in relative vorticity was dominantly observed near the East China Sea and near the Pacific Ocean south of Japan, thus creating favorable conditions for TCs to migrate northwards to Korea and Japan. In contrast, the synoptic conditions showed a reversal in late August. However, further studies using detailed datasets are required to achieve reliable results, since there are limitations with respect to uncertainties present in the Best-Track data (Knapp et al., 2010; Schreck III et al., 2014) and due to the nonphysical trends of the ERA-Interim data associated with changes in the observing system (Dee et al., 2011) .
There are a number of factors that could have induced the recent changes in TCs around Korea and Japan. The PDO was considered to be one of the factors that could result in environmental conditions favorable for the increase in TCs around Korea and Japan between early and mid-September; PDO can contribute to changes in the vertical wind shear Emanuel, 2010, 2012; Wang and Liu, 2016) . More recently, the SST distribution over the WNP between early and mid-September was related to the negative PDO phase. Warmer SST in the mid-latitudes provided greater energy resources resulting in a longer duration of TCs occurring around Korea and Japan. In addition, the SST distribution of the negative PDO phase caused a reduction in the meridional temperature gradient and a weak upper-level jet, based on the thermal wind relationship (Yang et al., 2002) . When the upper-level jet became weak, vertical wind shear also tended to decrease in the extratropical region. The decreasing vertical wind shear provided favorable conditions for TCs to maintain their intensity and extend into the midlatitudes. Thus, in September, the interannual variability of TCs around Korea and Japan significantly correlated with the PDO index; the temporal correlation coefficient was −0.51. Further studies using numerical models and observations are needed to investigate the relationship between the PDO and TCs around Korea and Japan.
The possibility of enormous economic loss and human casualties can increase tremendously if more TCs over the WNP extend to megacities, such as Seoul and Tokyo located in Far East Asia. According to the results of this study, TCs over the WNP, which moved to the mid-latitudes and affected Korea and Japan, significantly increased during the early fall period. For example, three of the top five TCs (i.e., Rusa in 2002 , Maemi in 2003 , Bolaven in 2012 that caused great economic loss in South Korea occurred in early fall. Fall TCs are often associated with severe heavy precipitation due to the strong atmospheric instability, which is caused by the large differences in the warm and moist low-level air mass and the cold and dry upper-level air mass (Kim et al., 2006) . Therefore, it is essential to understand the physical factors influencing the recent trend in TCs in the fall season based on historical data, as well as to estimate the future changes in the TC variability based on numerical experiments.
